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We used a spectroscopic microwave technique utilizing superconducting stripline resonators at
frequencies between 3 GHz and 15 GHz to examine the charge dynamics of YbRh2Si2 at tempera-
tures and magnetic fields close to the quantum critical point. The different electronic phases of this
heavy-fermion compound, in particular the antiferromagnetic, Fermi-liquid, and non-Fermi-liquid
regimes, were probed with temperature-dependent microwave measurements between 40 mK and
600 mK at a set of different magnetic fields up to 140 mT. Signatures of phase transitions were
observed, which give information about the dynamic response of this peculiar material that exhibits
field-tuned quantum criticality and pronounced deviations from Fermi-liquid theory.
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I. INTRODUCTION
Quantum phase transitions (QPTs) and quantum crit-
icality are major topics of present research in solid state
physics. Several heavy-fermion metals have been stud-
ied in great detail in this context and are now consid-
ered model systems where magnetic QPTs lead to un-
conventional behavior of the conduction electrons, which
is generally named non-Fermi-liquid (NFL) behavior1,2.
Amongst these materials, YbRh2Si2 has attracted sub-
stantial attention: it is a stoichiometric, tetragonal com-
pound that orders antiferromagnetically at TN = 70 mK
in the absence of a magnetic field, and this antiferro-
magnetic (AFM) order can be suppressed smoothly with
application of an external magnetic field; if the field is
applied in the tetragonal plane, a very small field of
60 mT suffices to suppress TN down to zero at the quan-
tum critical point (QCP). At higher field, well-defined
Fermi-liquid (FL) behavior is observed, e.g. a clear T 2
temperature dependence of the dc resistivity. At tem-
peratures above the AFM and FL phases, pronounced
NFL behavior is observed, for example a linear depen-
dence of the dc resistivity as a function of temperature
was found covering up to three orders of magnitude in
temperature. In the middle of the NFL regime, an ad-
ditional temperature scale T ∗ was identified and inter-
preted as a transition from a small Fermi surface to a
large Fermi surface upon increasing field3,4, but this in-
terpretation remains debated5. The rich phase diagram
of YbRh2Si2 at temperatures well below 1 K has been
studied with numerous thermodynamic, magnetic, and
transport measurements, but this particular regime of fi-
nite, small magnetic fields and very low temperature was
so far inaccessible to spectroscopic techniques. This is
in contrast to higher temperatures, where scanning tun-
neling spectroscopy6, neutron spectroscopy7, and angle-
resolved photoemission spectroscopy5 have lead to im-
portant results concerning the electronic and magnetic
properties of YbRh2Si2. NMR spectroscopy can reach
temperatures well below 100 mK, but for YbRh2Si2 so far
has been limited to magnetic fields higher than the criti-
cal field8,9. ESR spectroscopy, which has yielded impor-
tant information about the spin dynamics in YbRh2Si2 at
temperatures above 0.5 K10–12, only recently approaches
the phase space close to the QCP13.
Here we now demonstrate how spectroscopic mi-
crowave experiments concerning the charge dynamics,
i.e. the electrical conduction at GHz frequencies, can be
performed on YbRh2Si2 at temperatures and fields close
to the QCP. Microwave spectroscopy on heavy fermions
addresses the fundamental electrodynamic properties of
these materials13,14: the transport relaxation rate of the
conduction electrons, manifest as the Drude response in
the frequency-dependent conductivity15, is reduced by
orders of magnitude compared to conventional metals1,16
and for certain heavy-fermion metals has been found
to be as low a few GHz17–20. The electrodynamics
of YbRh2Si2 has been studied previously by infrared
spectroscopy21, where indications for such a slow Drude
relaxation were found, but it could not be directly ob-
served. The very high effective mass of YbRh2Si2 in-
deed suggests an extremely low Drude relaxation rate13
at low temperatures, but on the other hand quantum
critical fluctuations might cause a higher scattering rate.
Furthermore, it is of general interest how the fundamen-
tally different charge properties in YbRh2Si2 in the AFM,
NFL, and FL phases are reflected in the dynamic re-
sponse. For example, for a FL it is expected that the
relaxation rate depends quadratically on both tempera-
ture and frequency1,22–24, while the NFL regime with its
peculiar linear temperature dependence of the relaxation
rate might also feature an unconventional frequency de-
pendence. In this case, a transition between FL and NFL
regimes at GHz frequencies might have different signa-
tures than those studied previously in great detail for dc
transport25–27. In the present work, we therefore study
the microwave response of YbRh2Si2 as a function of tem-
perature at a set of different magnetic fields and thus
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2FIG. 1. Scheme of stripline microwave resonator: cross section of a stripline (left) and a top view of the resonator plane with
the shape of the YbRh2Si2 sample indicated by the dashed line (right).
probing the different electronic phases.
II. EXPERIMENT
The compound was studied with a spectroscopic
method dedicated for GHz frequencies, utilizing a pla-
nar stripline resonator. A stripline is a microwave trans-
mission line conceptually similar to a coaxial cable28–30,
consisting of a strip-shaped inner conductor that is sur-
rounded by two dielectric slabs and two outer conductor
planes, as schematically seen in Figure 1. In our mea-
surement configuration, one of the ground planes is re-
placed by the conductive sample under study, in this case
a single crystal of YbRh2Si2. Being part of the transmis-
sion line structure that carries the microwave signal, the
sample affects the microwave field. Thus, the method is
sensitive to the charge dynamics of the sample at GHz
frequencies, which in the present case of a bulk metal be-
come manifest to the measured observables via the skin
effect22. Since we require that the sample is the main
contributor to the measured losses, the other conduct-
ing parts of the resonator are made of superconducting
lead and the dielectric slabs are fabricated from low-loss31
sapphire wafers. In order to achieve the high sensitivity
needed to study low-loss materials, the interaction be-
tween the sample and the electromagnetic field of the
transmission line has to be enhanced. To that end we
utilize a high-Q resonant structure by fabricating two
coupling gaps (50 µm in this work) into the center strip,
thereby composing a resonator that is capacitively cou-
pled to the outer transmission lines and supports stand-
ing waves with resonance frequencies depending the res-
onator length L:
(1) ν0,n =
nc
2
√
L
,
where n denotes the mode number, c the speed of light
in vacuum, and  the permittivity of the dielectric. The
center conductor of the resonator is meandered under an
area that is defined by the size of the sample. This way,
one obtains the largest possible resonator length and low-
est base frequency, in the present work 3 GHz. The me-
ander shape of the resonator was individually designed
for the sample, and the lead resonator was thermally
evaporated onto the lower sapphire slab using laser-cut
shadow masks of steel. The stripline configuration with
the sample is then assembled into a sample box of brass
and connected to outer 50 Ω microwave lines. A cor-
responding characteristic impedance of the stripline was
achieved by sapphire plane (12 x 10 mm2) thickness of
127 µm, lead strip thickness of 1 µm, and stripline width
of 45 µm. With the static magnetic field applied in the
plane of the resonator to mitigate the detrimental effect
of the magnetic field on the performance of the super-
conducting resonator32, one cannot exclude completely
the excitation of ESR in the sample13,33. However, for
the combinations of static magnetic field, microwave fre-
quency, and temperature in this study we did not observe
pronounced signs of ESR. Thus we expect that here, as
usual for highly conductive metals, the charge response
at GHz frequencies clearly dominates over the spin re-
sponse.
The experiments were performed in a 3He/4He dilu-
tion refrigerator with a microwave inset in a tempera-
ture range of 40 mK – 600 mK and at magnetic fields of
up to 140 mT. The microwave is generated and the sig-
nal transmitted through the resonator is measured by a
vector network analyzer. From the transmission spectra,
we determine the resonance frequency ν0 and the quality
factor Q of the resonator. In the desired case where the
overall losses in the resonator are governed by the sam-
ple and all other loss contributions can be neglected, the
surface resistance Rs of the sample is related to the two
measured quantities as
(2) Rs = G
ν0
Q
,
where G is a factor depending the geometry of the
stripline29.
III. RESULTS
A total of five resonator modes ranging from 3 GHz to
15 GHz were observed and measured at five fixed mag-
netic fields between 0 mT and 140 mT applied paral-
lel to the tetragonal plane of the YbRh2Si2 crystal with
3FIG. 2. The transition between Fermi- and non-Fermi-liquid
phases shows up as a clear change of trend in the ratio be-
tween resonance frequency and quality factor. The pictured
transition is in a magnetic field of 125 mT. Data are normal-
ized and shifted for clarity.
the resonator along the same plane. Although lead is a
type-I superconductor and has a critical magnetic field of
80 mT, the stripline maintained a resonance of a measur-
able quality factor at even higher fields. Presently we do
not know to which extent we can also assume for these
magnetic fields above 80 mT that the total losses in the
resonator are dominated by the sample and Eq. 2 still
holds. However, since the temperature in the present
study is below 1 K, while the zero-field critical tempera-
ture of lead is above 7 K, we can assume that any pro-
nounced temperature dependence in the measured res-
onator response is caused by the Yb2Rh2Si2 sample and
not by the lead.
Fig. 2 presents the evolution of the ratio between mea-
sured resonance frequency ν0 and quality factor Q for
different resonator modes in a magnetic field of 125 mT.
The absolute magnitudes of these data were normalized
and shifted as [V -Vmin]/[Vmax-Vmin]+ C, where V = ν0/
Q and C is a constant corresponding to the magnitude
of the resonance frequency C(ν0) = (ν0/3 GHz -1) · 0.2,
for visual clarity. In the ideal case that Eq. 2 holds
also at this field, the temperature dependence of ν0/Q is
directly proportional to the temperature dependence of
the surface resistance Rs. If a transition from one elec-
tronic phase to another affects the electronic transport
of YbRh2Si2, it should also show up in our microwave
measurements. Unfortunately, establishing a quantita-
tive relation from experimentally accessible surface re-
sistance Rs(ν) to conductivity σ(ν) is quite challenging
because it is not clear a priori in which of the skin effect
regimes that can occur in metals at low temperatures we
operate22,34.
The temperature-dependent data in Fig. 2 clearly in-
dicate a change in electronic properties around 100 mK,
which is the transition temperature between FL- and
NFL-regimes. In particular, the dc resistivity features
a smooth transition from low-temperature quadratic be-
havior to linear behavior at higher temperatures25,35,
and our 3 GHz data is rather reminiscent of such be-
havior. For higher frequencies, though not evolving
completely consistently from one frequency to the next,
there seems to be a trend towards more pronounced
changes at this temperature of 100 mK. Considering that
at finite frequencies the FL resistivity is expected as
ρ(T, ν) = ρ0 + a(4pi
2(kBT )
2 + (hν)2)13,23 while for the
NFL regime linear temperature dependence was deter-
mined for dc transport and a similar frequency depen-
dence might be expected, such a stronger transition in
the temperature dependence at higher frequencies might
indeed signal finite-frequency characteristics of the FL-
NFL transition. From this point of view, it could also be
plausible if the experimental signatures of the FL-NFL
transition occurred at slightly different temperatures for
different probing frequencies, but we cannot conclude
anything in this respect within our present experimen-
tal error bars.
In Fig. 3 we plot the temperature dependence of ν0/Q
and resonator frequency ν0 for a set of different magnetic
fields for a single microwave frequency of 3 GHz, with
normalization as [V -Vmin]/[Vmax-Vmin]+ C, where C is
a constant corresponding to the magnitude of the mag-
netic field C(B) = B[mT]/100 mT and V the normalized
physical quantity: ν0/Q (left) and ν0 (right). Consider-
ing the behavior discussed for Fig. 2, for this comparably
low frequency one can expect behavior in ν0/Q that re-
sembles the established dc resistivity behavior. Indeed,
in the zero-field measurement in Fig. 3a one can observe a
clear kink in the temperature dependence around 70 mK
that indicates the AFM transition. Also, the signature of
the FL-NFL transition moves to higher temperatures as
the magnetic field is increased from 110 mT to 140 mT,
as expected. These observed phase changes agree with
those previously measured with e.g. electric resistivity25
or ac-susceptibility experiments36. As visible from the
straight lines that act as guides to the eye in Fig. 3a,
ν0/Q exhibits quite linear temperature dependence over
extended temperature ranges in the NFL regime. While
such linear behavior is established for the dc resistivity
ρdc, it comes as surprise for ν0/Q because Rs exhibits
a weaker temperature dependence than ρdc in both the
normal and anomalous skin effect regime, at least for
conventional metals22,37.
While Fig. 3a represents the surface resistance, the res-
onator frequency plotted in Fig. 3b depends on the skin
depth of the sample: longer skin depth means further
microwave penetration into the sample, corresponding
to larger mode volume of the resonator, which in turn
means lower resonator frequency ν0. In general, metals
conduct better at lower temperatures and correspond-
ingly one expects an increase of the resonator frequency
upon cooling, as is commonly observed for metals and
superconductor29,34,38,39. Surprisingly, we find such be-
4FIG. 3. 3 GHz resonance mode in different magnetic fields: a. The ratio between resonance frequency and quality factor.
Deviations from the linear trends are shown with the dotted curve, and can be associated with phase transitions. b. The
evolution of the resonance frequency. The inset shows a change of trend in the measured resonance frequency at 60 mT and
350 mK. The absolute values were normalized and shifted for clarity.
havior in ν0 only for magnetic fields above 100 mT, larger
than the critical field of lead, whereas for fields of 60 mT
and lower, we find the opposite trend.
As a side-note, in addition to the examined transitions
between AFM, NFL, and FL phases, a feature around
350 mK in magnetic field of 60 mT appears as a clear
change of trend in the resonance frequency, as is shown
in the inset of Fig. 3b. A similar phenomenon has been
reported in dc transport at this temperature range40: In
60 mT, below a characteristic temperature of 350 mK
both the electric and thermal resistivities were shown to
deviate from the linear trend associated with a non-Fermi
liquid behavior. Anomalies in this temperature range
were also observed previously in the heat capacity27,35.
IV. CONCLUSIONS AND OUTLOOK
We used a spectroscopic microwave technique utiliz-
ing superconducting stripline resonators to examine the
charge dynamics of YbRh2Si2 at GHz frequencies and
at temperatures and magnetic fields close to the quan-
tum critical point. The different electronic phases were
probed with a set of different magnetic fields, and signa-
tures of transitions between AFM, NFL, and FL phases
were clearly observed in the microwave response.
The described method offers a tool for examining the
dynamic response of the material exhibiting quantum
criticality and pronounced deviations from the Fermi
liquid theory. In particular, the photon energy of the
employed microwave radiation corresponds to the other
energy scales of this experiment, namely temperature
and magnetic field, and therefore addresses the intrinsic
physics that govern the material properties of YbRh2Si2.
Future experimental work should study the microwave
response at fixed temperatures as a function of mag-
netic field, which will require detailed understanding of
the field-dependent behavior of the superconducting lead
stripline resonator13.
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